Silicon wire arrays, though attractive materials for use in photovoltaics and as photocathodes for hydrogen generation, have to date exhibited poor performance. Using a copper-catalyzed, vapor-liquidsolid-growth process, SiCl 4 and BCl 3 were used to grow ordered arrays of crystalline p-type silicon (p-Si) microwires on p + -Si(111) substrates. When these wire arrays were used as photocathodes in contact with an aqueous methyl viologen 2+/+ electrolyte, energy-conversion efficiencies of up to 3% were observed for monochromatic 808-nanometer light at fluxes comparable to solar illumination, despite an external quantum yield at short circuit of only 0.2. Internal quantum yields were at least 0.7, demonstrating that the measured photocurrents were limited by light absorption in the wire arrays, which filled only 4% of the incident optical plane in our test devices. The inherent performance of these wires thus conceptually allows the development of efficient photovoltaic and photoelectrochemical energy-conversion devices based on a radial junction platform.
H ighly purified planar crystalline Si provides the basis for high-efficiency photovoltaics and has shown promise as a photocathode material for the production of H 2 from water and sunlight (1) . In this planar geometry, efficient devices require the use of high-purity Si to obtain minority-carrier diffusion lengths that are comparable to the long optical absorption depth (~200 mm) associated with the indirect band gap of Si (2). Semiconductor wire arrays are an attractive alternative to this planar geometry because they can possess both long optical paths for efficient light absorption and short transport distances so as to ensure collection of the photogenerated charge carriers before they recombine (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . A wire-array geometry should thus allow for the use of semiconductors in which the collection length of photogenerated minority carriers is much shorter than the optical penetration depth. Indeed, device-physics modeling has predicted that wire-array structures using Si with a minority-carrier diffusion length of less than 10 mm can achieve solar energy-conversion efficiencies of greater than 15% (2) .
To date, device efficiencies for radial-junction Si photovoltaics and photoelectrodes fabricated by use of potentially inexpensive techniques, such as vapor-liquid-solid (VLS)-growth processes (14) , have been low. The highest reported efficiencies are for single-nanowire devices in which the performance was normalized to the active portion of the single wire, that is, excluding contacts and empty area (8, 9) . Up to 3.4% efficiency under solar simulation has been observed for a p-type/intrinsic/n-type (p-i-n) Si nanowire, with a low open-circuit voltage of 260 mV (7) . Macroscopic VLS-grown Si wirearray devices have exhibited poor efficiencies (~0.1%) in both liquid-junction (3, 4) and solidstate (10, 11) configurations. A key question is whether higher performance, in accord with theoretical predictions, can be obtained with wirearray energy-conversion devices through improved control over the bulk impurities, surface defects, and doping.
To evaluate this possibility, we grew p-type Si wire arrays from SiCl 4 [10 standard cubic centimeters per minute (sccm)], H 2 (500 sccm), and dilute BCl 3 at 1000°C at atmospheric pressure for 20 to 30 min on p + -Si(111) substrates. These substrates had been photolithographically patterned with 3-mm-diameter by 300-nm-thick Cu VLS-growth catalyst islands that were confined within a 300-nm-thick thermal Si oxide (15, 16) . The resulting wires were~100 mm long,~1.6 mm in diameter, and arranged on a square lattice with a 7-mm pitch, resulting in a packing fraction of 4% (Fig. 1, A and B) . The resistivity of the wires, as measured with single-wire four-pointprobe methods (9) , was varied by changing the BCl 3 flow rate. Wires grown from 0.25% BCl 3 in H 2 at a flow rate of 1 sccm had a resistivity of 0.05 T 0.01 ohm cm, corresponding to a majoritycarrier concentration near 7 × 10 17 cm
, and exhibited optimal photoelectrochemical properties relative to wires with other doping levels. Before photoelectrochemical evaluation, the samples were etched with aqueous solutions of FeCl 3 , KOH, and HF, so as to remove the Cu catalyst, the outer~50 nm of Si (including Cu contained at or near the surface), and the native oxide, respectively, without substantial etching of the patterned thermal oxide that surrounded the bases of the wires (Fig. 1, C and D ).
The energy-conversion properties of the ptype silicon (p-Si) wire arrays were evaluated in an aqueous electrolyte containing the redox couple methyl viologen (MV 2+/+ ), whose conformal liquid contact allowed for testing without introducing difficulties associated with the production of rectifying, conformal solid-state junctions, transparent conductors, or metallic grid contacts. This redox system produces a high barrier height on p-Si (3, 17) and enables the straightforward evaluation of any differences in the junction behavior between planar p-Si samples and p-Si wire-array electrodes. The comparison was performed in a three-electrode cell configuration in order to directly evaluate the performance of the photocathodes, to minimize resistive losses, and to allow quantification of the concentration and kinetic overpotentials that would be variables in two-electrode photoelectrochemical devices (Fig. 2) . Monochromatic 808-nm light was used to minimize the optical absorption of the reduced form of the MV 2+/+ couple (18) . This wavelength of light also has a relatively long optical-penetration depth of 11 mm in Si, which stresses the ability to collect photogenerated charge carriers produced deeply in the absorbing semiconductor.
A comparison between the current density versus potential (J-E) behavior of a planar, single-crystalline Czochralski-grown p-Si (0.7 ohm cm) sample and a p-Si wire array is shown in Fig. 3 . Under 60 mW cm −2 of 808 nm illumination (selected to produce a similar photon flux above the Si band gap as that obtained from broadband, 100 mW cm , external quantum yields at short-circuit (F ext,sc ) of 0.71 T 0.02, fill factors ( ff ) of 0.51 T 0.05, and photoelectrode energyconversion efficiencies (h 808 ) of 12.9 T 1.0% (across six devices; the uncertainty is reported as 1 SD). Correction for the concentration overpotential and uncompensated resistance losses (15, 19) in the aqueous MV 2+/+ test electrolyte yielded the inherent photoelectrode properties under these conditions of ff corr = 0.68 T 0.05 and h 808,corr = 17.4 T 1.0%. Under the same conditions, wire-array samples exhibited V oc = 0.41 T 0.04 V, J sc = 7.7 T 0.9 mA cm −2 , F ext,sc = 0.20 T 0.02, ff = 0.50 T 0.10, and h 808 = 2.6 T 0.4% (across six devices). For the specific wirearray electrode displayed in Fig. 3 , V oc = 0.42 V, J sc = 7.9 mA cm −2 , F ext,sc = 0.20, ff = 0.55, and h 808 = 3.0%. The inherent photoelectrode properties of this electrode were ff corr = 0.65 and h 808,corr = 3.6%.
The V oc of a semiconductor junction is given by
where n is the diode quality factor, k B is the Boltzmann constant, T is the temperature (in Kelvin), q is the (unsigned) charge on an electron, J ph is the photocurrent density, J o is the exchange current density, and g is the ratio of the actual junction area to the projected surface area of the electrode, that is, the roughness factor (2, 6). The planar p-Si samples exhibited a V oc that was near the bulk recombination limit of 0.60 V (at J ph = J sc = 27 mA cm
), which was calculated from the value of J o produced by the known bulk properties and effective minority-carrier diffusion length of the p-Si sample investigated (20) , attesting to the high quality of the semiconductor/liquid junction obtained in this test electrolyte system. Equation 1 implies that for each 10-fold increase in g, the reduced splitting in the quasiFermi levels when the photogenerated charge carriers are diluted over the larger junction area will decrease V oc at room temperature by at least 59 mV. Because g~10 for the wire-array samples fabricated here, the V oc is thus within~50 mV of that expected on the basis of the behavior of the planar cells at similar J sc levels. This result suggests that these p-Si microwires are largely free of electronically deleterious defects or impurities that would lower the V oc substantially beyond that dictated by purely geometric considerations.
Optimized wire-array solar cells would exhibit a much higher J sc than the values observed in the test samples. To evaluate the reasons for the lower J sc values of the wire arrays relative to the planar Si sample, F ext was measured for the electrodes as a function of angle (q, where q = 0°is normal incidence), using excitation with a laser spot (~1 mm 2 ) much smaller than the sample area (Fig. 4) . At q = 60°, at which the light path through the array was substantially increased relative to that for q = 0°, F ext approached 0.7. Accounting for reflection and residual absorption by the photo-inactive p + substrate, the internal quantum yield (F int ) was thus near unity. This conclusion is consistent with the observation that F ext =~0.2 at normal incidence for the wire array even though the specific growth template produced wires that filled only 4% of the optical plane.
Under 100 mW cm −2 of simulated solar illumination in the same electrolyte that did not contain MV + (so as to eliminate visible light absorption), these p-Si wire arrays exhibited J sc values of~9 to 11 mA cm −2 (21). The theoretical J sc limit for Si under such conditions is 43 mA cm −2 , and in practice optical reflection losses reduce this value to~35 mA cm −2
. Hence, the J sc observed for the wire-array sample is larger, by a factor of~6, than the J sc expected for complete light absorption and unity internal quantum yield by an array that captured only 4% of the incident photons (based on the geometric filling fraction of the optical plane). This observation indicates substantial internal light scattering and optical focusing into the Si regions of the wire arrays. ) and buffered at pH = 2.9. The solution potential was driven to -0.60 V versus SCE by using the large carbon-cloth electrode as a working electrode and the frit-separated Pt mesh as a counter electrode, which turned the electrolyte deep purple-blue because of the formation of MV + radical (~3 mM). During photoelectrochemical characterization, the p-Si sample was used as the working electrode, the large carbon cloth as the counter electrode, and the small carbon cloth as the reference electrode. Fig. 3 . Current-potential data as a function of 808-nm illumination intensity for (A) planar and (B) wire-array photoelectrodes. Solution absorbance is accounted for via the in situ measurement of the incident light intensity. In panels (C) and (D), the same data are displayed corrected for the solution effects, includinguncompensated cell resistance (~20 ohms) and concentration overpotentials, so as to attain photoelectrode performance parameters inherent to the Si electrodes. The external quantum yield plotted in panels (E) and (F) was calculated on the basis of the incident light intensity, the sample area, and the measured photocurrent from panels (A) and (B), respectively. The performance of a wirearray sample in which the wires had been physically removed from the substrate confirmed that the p + -Si substrate did not substantially contribute to the observed photoresponse.
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Because in this work the internal quantum yields have been determined to approach unity, methods for achieving nearly complete light absorption [by increasing the wire-array packing fraction from the current value of~4% or by improving optical trapping effects (21), for instance by placing dielectric scattering elements in between the wires] would thus be expected to produce a fourfold increase in the short-circuit photocurrent density to values comparable with or in excess of those observed for Si single crystals under the same conditions. As shown in Fig. 3 , the fill factor was similar for both the planar samples and the p-Si wire arrays. The J-E behavior of the planar sample indicates that with sufficient mass transport, either by active convection (as used here) or by passive means through the use of a thin-layer cell configuration (22) , this specific test electrolyte allows for J sc > 35 mA cm −2 with low accompanying mass-transport-based overpotentials. Consistent with these observations, we found that increasing the concentration of MV 2+ to 0.1 M had little effect on the J-E behavior. However, in order to use wire arrays that produce increased photocurrent densities due to optimal light absorption at normal incidence, masstransport limitations of redox species in the internal volume of the wire-array structure and unwanted optical absorption due to the ineffective removal of the colored MV + species within this volume must be minimized. Similar challenges have been overcome in the optimization of dye-sensitized nanocrystalline TiO 2 solar cells (23) .
Provided that the optical absorption of the redox species can be minimized, improvements in J sc to 35 mA cm −2 , while retaining the opencircuit voltages and uncorrected fill factors displayed in Fig. 3B , would imply that photoelectrode efficiencies >8% are attainable under air mass 1.5 conditions (24). The importance of the observations reported here, however, is not whether optimized photoelectrochemical solar cells can be prepared by using this specific test electrolyte but rather that the inherent performance of these p-Si wire arrays in a radial junction geometry allows, conceptually, the development of efficient photovoltaic and/or photoelectrochemical energy-conversion devices based on a wire-array platform, provided that the devicerelated engineering issues are satisfactorily addressed.
The use of Cu as the VLS-growth catalyst (25), as opposed to Au (3, 4, 8, 10) , probably contributes to the relatively high inherent energyconversion performance of these p-Si wire-array devices. Cu concentrations of less than 10 18 cm −3
appear to have little effect on the performance of planar Si solar cells (26) . Apparently, the high diffusivity (2.8 × 10 −7 cm 2 s −1 at 300 K) and the large energy barrier for precipitate nucleation of Cu in p-Si allow for collection of Cu at surfaces and defects, thus leaving the bulk Si largely free of Cu (27) . At the growth temperature (1000°C), the wires are presumably saturated (~5 × 10 17 cm −3 ) with Cu, but upon cooling Cu probably segregates to the wire surface, allowing for its subsequent removal via chemical etching before testing of the resulting devices. No Cu was detected on the etched wire samples by using surface-sensitive techniques such as x-ray photoelectron spectroscopy, although more detailed experiments are needed to quantify the location and removal of Cu impurities that might originate from the VLS catalyst (28) .
Although Si wire arrays and dye-sensitized nanocrystalline TiO 2 photoelectrodes both have absorbers with high aspect ratios, the properties of these two systems are governed by different physical principles. Dye-sensitized nanocrystalline TiO 2 photoelectrochemical cells do not have an appreciable space-charge layer in the TiO 2 , and charge-carrier separation after dyebased light absorption relies on diffusion, along with the asymmetric, slow interfacial chargetransfer kinetics of the I 3 -
/I
-redox couple that is uniquely effective in preventing electron-hole recombination in such systems. In contrast, charge-separation in the Si wire-array system is driven by an interfacial electric field in the spacecharge region of the radial junction, and chargecarrier transport and recombination are governed by conventional device-physics principles implemented in a radial geometry (2) . Thus, in addition to lacking a surface-bound dye for light absorption, Si wire arrays should be useful both as photoanodes and photocathodes in contact with a variety of aqueous and nonaqueous electrolytes that contain well-developed, kinetically facile, one-electron redox couples, as well as for photoelectrochemical H 2 evolution from water, given the integration of appropriate electrocatalysts (1). Fig. 4 . Angle-resolved photocurrent measurements performed with a 633-nm He-Ne laser (power = 2.6 mW). Measurements were conducted in the absence of the MV + radical cation in order to avoid issues associated with oxygen sensitivity and solution absorbance (29) . The uncertainties associated with the measurement of F ext and q were T0.003 and T0.5°, respectively. (Inset) Schematic of the cell, showing the rotating p-Si working electrode (WE) that was biased during measurement at -0.45 V versus SCE, the reference electrode (RE), and the counter electrode (CE).
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